INTRODUCTION
The detection of object motion is an essential visual system function mediated by direction-selective (DS) circuitry in the retina and in retinorecipient brain regions targeted by DS retinal ganglion cells (RGCs) . In addition to tracking moving objects, a critical function served by visual system DS responses is the ability to compensate for global visual field motion. This can be caused by the observer's rapid head movements or by overall slow movement of the observer through the visual scene. Failure to execute image-stabilizing eye movements that compensate for self-induced global visual field motion results in blurred image perception. To prevent this, the accessory optic system (AOS) of the mammalian visual system and the vestibular system converge to direct oculomotor output critical for image stabilization (Simpson, 1984) . The vestibular semicircular canals compensate for rapid head movements by driving eye rotation in the opposite direction to generate the vestibular ocular reflex (VOR). The AOS, responding to slow velocity motion of the visual field, elicits finely graded eye movements called the optokinetic reflex (OKR) that compensate for retinal slip and stabilize slowly moving images (Masseck and Hoffmann, 2009 ). The AOS constitutes the primary visual system motion circuitry present in all vertebrates, including humans (Fredericks et al., 1988; Kubo et al., 2014; Masseck and Hoffmann, 2009; Simpson, 1984) , and it includes subpopulations of DS ganglion cells (DSGCs) and their central targets in the midbrain. In mice, these central targets are the medial terminal nucleus (MTN) in the ventral region of midbrain adjacent to the cerebral peduncle and substantia nigra, and the dorsal terminal nucleus (DTN) and the nucleus of the optic tract (NOT), which together are located in the dorsal midbrain anterior to the superior colliculus (SC) (Dhande and Huberman, 2014) . Although AOS anatomy was described over a century ago (reviewed in Simpson, 1984) , the recent development of genetic tools has aided in the identification and functional analysis of its various components (Dhande et al., 2013; Kay et al., 2011; Triplett et al., 2014; Yonehara et al., 2009; Yonehara et al., 2008) . AOS brain targets receive direct retinal input from both On DSGCs and a subpopulation of On-Off DSGCs. On DSGCs, which respond to bright objects moving at slow speed, are major retinal AOS components. The dendrites of On DSGCs co-stratify with On starburst amacrine cell (On SAC) dendrites in the S4 sublamina of the retina. On DSGC axons project to all three AOS nuclei in the midbrain: the MTN, DTN, and NOT (Dhande et al., 2013; Yonehara et al., 2009; Yonehara et al., 2008) . In addition to On DSGCs, a newly discovered population of On-Off DSGCs with relatively small dendritic fields and a preference for forward, slow-velocity image motion target the NOT and SC (Dhande et al., 2013) . DSGC innervation of the different AOS brain targets mediates distinct OKR responses; innervation of the MTN drives vertical OKRs (vOKRs), whereas innervation of the DTN/NOT mediates horizontal OKRs (hOKRs) (Fredericks et al., 1988; Pak et al., 1987; Simpson, 1984) .
Mammalian RGCs establish connections with central brain targets during embryonic and early postnatal development (Haupt and Huber, 2008) . The assembly of visual system circuits depends upon a series of accurately executed events during neural development, including the following: emergence and extension of RGC axons within the developing retina toward the inner limiting membrane (ILM), outgrowth and guidance of RGC axons out of the retina through the optic nerve head, segregation of ipsilateral and contralateral RGC axon projections at the optic chiasm, initial targeting of axons to various retinorecipient brain regions, elaboration of synapses, and pruning and refinement of RGC projections (Sanes and Zipursky, 2010) . A myriad of molecules and signaling pathways direct these events during the assembly of the vertebrate main optic system, including retinorecipient targeting and RGC projection refinement (Haupt and Huber, 2008) . For example, ephrins, Wnts, and their receptors are required for topographic mapping of RGC axons within the SC (McLaughlin and O'Leary, 2005; Schmitt et al., 2006) , and Eph receptor-dependent and independent signaling pathways direct retinogeniculate targeting (Culican et al., 2009; Nie et al., 2010) . In zebrafish, slit-Robo signaling along with extracellular matrix components sculpt laminae-specific targeting of RGC axons within the tectum (Robles and Baier, 2012) . However, the mechanisms underlying retinorecipient targeting to specific areas of the AOS remain unknown.
Here, we identify a guidance cue signaling pathway that is essential for retinorecipient targeting during AOS development. We show that plexin A2 (PlexA2)/PlexA4-semaphorin 6A (Sema6A) signaling regulates On DSGC innervation of the MTN, utilizing ''reverse signaling'' whereby Sema6A functions as a receptor in RGC axons. The failure of On DSGCs to innervate the MTN in the absence of PlexA2/PlexA4-Sema6A signaling leads to specific OKR defects. These results provide insight into how DSGCs establish connectivity with their retinorecipient targets to support AOS visual behaviors.
RESULTS

Sema6A
Is Expressed in On DSGCs, but Not TRHR-GFP + or DRD4-GFP + On-Off DSGCs The transmembrane semaphorin Sema6A is expressed in On SACs and is required for certain DS responses to fast-moving objects in On-Off DSGCs (Sun et al., 2013) . Our analysis of Sema6A expression also revealed that it is expressed in a subset of RGCs (Matsuoka et al., 2011b) . To determine whether Sema6A might play additional roles in the perception of image motion, we identified the type(s) of RGCs that express Sema6A. By examining co-expression of Sema6A and GFP in wholemount retinas from transgenic lines that express GFP in specific subtypes of RGCs, we found that Sema6A is expressed in all GFP + On DSGCs labeled in the ventral retina of the SPIG1::GFP knockin mouse line (Yonehara et al., 2008 (Yonehara et al., , 2009 (Figures 1A-1A  00 and S1A-S1D 00 ). These On DSGCs have dendrites that stratify together with On SACs in the inner plexiform layer (IPL) of the retina, and they respond to relatively slow-velocity vertical image motion (Yonehara et al., 2009 00 and S1E-S1H 00 ; quantified in Figure 1I ). In addition, Sema6A immunoreactivity is detected in most Hoxd10-GFP + RGCs ( Figures 1B-1B 00 ; quantified in Figure 1I ) in retinas from a BAC transgenic line (Hoxd10-GFP) in which GFP is expressed in all three populations of AOS On DSGCs: On DSGCs that respond to lower-velocity upward, downward, or forward motion, and also a small population of AOS On-Off DSGCs that respond to forward lower-velocity image motion (Dhande et al., 2013) . Thus, RGCs that project to AOS structures in the brain express Sema6A.
To further investigate Sema6A protein distribution, we performed ocular injections of cholera toxin subunit B conjugated with Alexa555 (CTB-555) to label RGC axon projections, including those to the MTN (the major retinorecipient target of On DSGCs tuned to slow motion detection along the dorsalventral axis [Yonehara et al., 2008] ), followed by Sema6A immunohistochemistry. We found that Sema6A immunoreactivity co-localizes with CTB-555 fluorescence ( Figures 1C-1C 00 ). We also utilized an alkaline phosphatase (AP) colorimetric reaction in the Sema6A heterozygous mouse line that harbors a ''PLAP Trap'' insertion in a Sema6A intron, and thus expresses AP robustly in axons extending from Sema6A + neurons (Leighton et al., 2001) , to identify RGC axon projections that are Sema6A + . We found that the AP reaction product is present in axons that include those which innervate the MTN ( Figures 1D-1D 000 , white arrows). These results show that Sema6A is expressed in On DSGCs and strongly suggest that Sema6A protein is present in both cell bodies and axons of On DSGCs that innervate the MTN.
A second major population of DSGCs, On-Off DSGCs, stratify their dendrites with both On and Off SACs in the IPL, project their axons to the dorsal lateral geniculate nucleus (dLGN) of the thalamus and the SC in the dorsal midbrain, and include RGCs that respond to higher-velocity image motion in all four cardinal directions (Dhande and Huberman, 2014) . Is Sema6A expressed in these On-Off DSGCs? We performed wholemount Sema6A immunohistochemistry on retinas derived from DRD4-GFP and TRHR-GFP mice, two well-characterized BAC transgenic lines that genetically label subpopulations of OnOff DSGCs (Huberman et al., 2009; Kay et al., 2011; RivlinEtzion et al., 2011) . Sema6A immunoreactivity is not detected in DRD4-GFP + (Figures 1E-1E 00 and S1I-S1L 00 ) and is observed in only a very small fraction of postnatal day 1 (P1) TRHR-GFP + ( Figures 1F-1F 00 and S1M-S1P 00 ) RGC cell bodies (quantified in Figure 1I ). In addition, Sema6A AP+ fibers are not present in the outer shell of the dLGN ( Figures 1G-1G 00 ) or the superficial layer of the SC ( Figures 1H-1H 00 ), two well-characterized On-Off DSGC retinorecipient targets (Rivlin-Etzion et al., 2011) , in mice heterozygous for the PLAP-Trap Sema6A allele. Moreover, we found that at P10 Sema6A immunoreactivity does not colocalize with cocaine-and amphetamine-regulated transcript (CART) (Figures S1Q-S1Q 00 ), a marker for the vast majority of On-Off DSGCs, but not for Hoxd10-GFP + On-Off DSGCs (Dhande et al., 2013; Kay et al., 2011) . Therefore, Sema6A is a marker of AOS RGCs, but is not expressed by On-Off DSGCs involved in image formation.
Sema6A Is Required for the Development of AOS Trajectories
The selective expression of Sema6A in cell bodies and axons of On DSGCs raised the possibility that Sema6A directly participates in the development of these neurons. We first analyzed the central projections of On DSGCs in wild-type (WT) and
Sema6A
À/À null mutants using ocular CTB injections. In WT adult mice, innervation of the MTN, a major On DSGC central target, can be visualized on the ventral brain surface in wholemount preparations (white arrows in Figure 2A ) and also in coronal brain sections (white arrow in Figure 2B ). Axon projections to the MTN in Sema6A À/À mutants are greatly diminished (Yonehara et al., 2008 (Yonehara et al., , 2009 , when the GFP signal becomes very weak; and Hoxd10-GFP, which labels all On DSGCs from late embryonic stages through adulthood (Dhande et al., 2013; Osterhout et al., 2014) . We observed GFP expression following introduction of these GFP alleles into Sema6A quantification of innervation defects in Figure S3C ; n R 3 animals for each developmental stage and for both genotypes analyzed).
(E) Quantification of the normalized, integrated GFP fluorescence to determine fiber density in controls and Sema6A À/À mutants. specifically for the innervation of a subset of AOS targets in the brain. Retinorecipient targeting proceeds in multiple steps, including initial targeting by early-arriving RGC axons, subsequent innervation by follower axons, and pruning to remove excess projections (Haupt and Huber, 2008; Huberman et al., 2008a) . In which phase does Sema6A act to pattern On DSGC axonal innervation? We addressed this question by analyzing the innervation pattern of SPIG1::GFP + RGC axons throughout embryonic and early postnatal visual system development. In control animals, SPIG1::GFP + axons are observed at their ventral midbrain target at e14.5 ( Figure 3A ). Additional SPIG1::GFP + axons reach the MTN at e16.5 ( Figure 3B ), and MTN innervation by RGCs becomes apparent throughout late embryonic development ( Figures 3C and 3D) (Yonehara et al., 2008) . In Sema6A À/À mutants, SPIG1::GFP + fibers reach their target at e14.5 ( Figure 3A  0 ), similar to what we observe in Sema6A +/À controls: both normalized fiber intensity (a measure of total innervation of the MTN region; see Supplemental Experimental Procedures) and total innervation area (see Supplemental Experimental Procedures) were not significantly different ( Figures 3E and S3C) . However, at e16.5, Sema6A
À/À ; SPIG1::GFP + fibers appear defasciculated and innervate a much broader area in the region of the MTN compared to controls (red arrows in Figure 3B 0 , quantified in Figure S3C) . Interestingly, the normalized fiber intensities at e16.5 are the same in Sema6A À/À mutants and controls (quantified in Figure 3E ) Figure 3J ). By P10, SPIG1::GFP; Sema6A À/À retinas exhibit 68% of the number of GFP + RGCs observed in SPIG1::GFP; Sema6A +/À retinas (control GFP + cell number in the ventral retina, 304.7 ± 9.4; Sema6A À/À GFP + cell number in the ventral retina, 95.8 ± 7.1; mean ± SEM, p < 10 À6 ). Cell apoptosis analysis also reveals a significant increase in SPIG1::GFP; Sema6A À/À retinas at e18.5 as compared to controls with respect to RGCs that are immuno-positive for both SPIG1::GFP and Cleaved-Caspase3 ( Figures S4G-S4I 0 , quantified in Figure S4J) backgrounds. An advantage of using Hoxd10-GFP is that in this line GFP expression persists throughout adulthood (Dhande et al., 2013; Osterhout et al., 2014) , unlike the SPIG1::GFP reporter, in which GFP expression diminishes in the ventral retina during postnatal development and ceases by P13 (Yonehara et al., 2008) . Compared to control retinas, Sema6A
Hoxd10-GFP
+ RGC number exhibits a significant decrease of $37% in retinas of 3-week-old animals (compare Figures 3K  and 3K 0 ; quantified in Figure 3L ; Sema6A mutants ($37% compared to $68%, respectively), and this likely reflects differences in AOS RGC populations labeled by these two reporters. SPIG1::GFP labeling includes On DSGCs in the ventral retina tuned for upward-directed motion (Yonehara et al., 2009) , whereas Hoxd10-GFP labels On DSGCs tuned for upward, downward, and forward-directed motion, in addition to a newly defined population of forward motion-tuned On-Off DSGCs (Dhande et al., 2013) . Sema6A À/À mutants show retinorecipient connectivity defects that most strongly compromise MTN innervation, suggesting that Sema6A is required in only a subset of the AOS RGCs labeled by the Hoxd10-GFP reporter. Indeed, increased RGC apoptosis observed in Hoxd10-GFP; Sema6A À/À retinas compared to controls can be accounted for by loss of a significant fraction of the On DSGCs tuned for vertical motion detection and that innervate the MTN, with the concomitant retention of the other classes of AOS RGCs. Our results strongly suggest that the early Sema6A À/À On DSGC-MTN innervation phenotypes contribute to the laterincreased apoptosis of these DSGCs. Sema6A is expressed in On SACs (Sun et al., 2013) , but not in TRHR-GFP + , DRD4-GFP + , or CART + On-Off DSGCs (Figures 1  and S1 ). Loss of Sema6A does not lead to a change in On SAC cell number, as revealed by anti-ChAT flatmount retinal staining in Sema6A À/À mutants and controls ( Figures S3D and S3D 0 , quantified in Figure S3E ). Further, we find that the number of Brn3b + RGCs (Brn3b + RGCs constitute $80% of total RGCs; Badea et al., 2009 ) is the same in controls and Sema6A À/À mutants at P3 ( Figures S4K and S4L ), suggesting that loss of Sema6A only affects a subset of On DSGCs ($1% of total RGCs; Yonehara et al., 2008) . As expected, RGC subtypes that do not express Sema6A, including TRHR-GFP + and DRD4-GFP + (Figure 1) , show no evidence of increased cell loss in Sema6A À/À mutants ( Figures S4A-S4E 0 , quantified in Figure S4F) . Therefore, Sema6A is not generally required in retinal neurons for cell survival.
PlexA2 and PlexA4 Together Mediate Sema6A-Dependent On DSGC-MTN Innervation through Reverse Signaling In the absence of Sema6A, On DSGCs arrive in the vicinity of the MTN, but extend more broadly in the region of the MTN such that normal target recognition fails, which leads to the subsequent death of a large fraction of these On DSGCs. What are the molecular mechanisms utilized by Sema6A to direct On DSGC-MTN innervation?
PlexA2 serves as a functional Sema6A receptor in several neural tissues including the hippocampus, the cerebellum, and the retina (Renaud et al., 2008; Sun et al., 2013; Suto et al., 2007) . For example, PlexA2 À/À mutants phenocopy Sema6A À/À mutants with respect to deficits in dendritic development of On SACs, a cell type that provides presynaptic inhibitory input onto On DSGCs (Sun et al., 2013) . PlexA4, along with PlexA2, is also a functional Sema6A receptor in the hippocampus, in subcortical projections to the spinal cord, and in the retina (Matsuoka et al., 2011b; Rü nker et al., 2008; Suto et al., 2007) . In addition, PlexA2 and PlexA4 receptors together mediate Sema6A/6B-dependent development of hippocampal mossy fibers (Suto et al., 2007; Tawarayama et al., 2010) . However, neither PlexA2 nor PlexA4 is expressed in RGCs (Matsuoka et al., 2011a) . We asked if PlexA2 and/or PlexA4 are expressed in the MTN such that they could direct On DSGC-MTN connectivity during AOS development. We utilized a PlexA2 reporter line in which Cre-dependent recombination results in expression of LacZ under the control of the endogenous PlexA2 promoter (Sun et al., 2013) . Following germline Cre (Sox2-Cre)-dependent recombination we observed X-gal staining in cells residing in the ventral region of the MTN ( Figures 4A-4B 0 ; see black arrowheads in Figures 4A and 4B ). This putative PlexA2 expression pattern was confirmed by performing double immunohistochemistry in the MTN region using antibodies specific for PlexA2 (Suto et al., 2007) and GFP on SPIG1::GFP embryonic brain sections (Figures 4C-4C 00 ). We found that PlexA2 protein is localized in the vMTN region at e18.5, and in addition, robust PlexA4 immunoreactivity is also found in the vMTN region at e18.5 ( Figures 4D-4D 00 ); the specificity of both antibodies has been previously demonstrated in mutant brains (Suto et al., 2007) and retinas (Matsuoka et al., 2011a (Matsuoka et al., , 2011b . We also observed that neither PlexA2 nor PlexA4 immunoreactivity in the vMTN apparently co-localizes with the SPIG1::GFP reporter signal in On DSGC axons (insets in Figures 4C-4C 00 and 4D-4D 00 ), supporting our previous observation that these plexins are not expressed in RGCs (Matsuoka et al., 2011a Figures S6C and S6D 0 ). These results show that these plexins do not function in the retina to mediate retinorecipient targeting of On DSGCs. Other PlexA (PlexA1 Figure S6E ) and neuropilin mutants + On DSGC neurites, we conducted guidance assays using retinal explants grown in culture on alternating ''stripes'' coated with protein that consists of extracellular plexin domains. We first determined that PlexA2 and PlexA4 ectodomains fused to Fc bind to COS7 cells that express Sema6A (Figures 6A-6D 0 and S7A). We then cultured retinal explants from the ventral region of SPIG1::GFP; Sema6A +/+ retinas taken at e17.5, a developmental time point when these Sema6A-expressing On DSGCs normally establish connections with the MTN in vivo (Yonehara et al., 2008) , in dishes coated with recombinant PlexA2 or PlexA4 ectodomain protein presented in stripes. After 2 days in vitro, we found that these explants extend GFP + neurites, and that these neurites do not exhibit any preference when growing on alternating AP-Fc/BSA stripes (Figures 6E, 6E 0 , and S7B; quantified in Figure 6K ). This shows that the APFc control ligand does not attract or repel SPIG1::GFP + neurites. Figures S7C, S7D , and S7H-S7M; quantified in Figure 6K) , showing that the ectodomains of PlexA2 and PlexA4 can robustly attract SPIG1::GFP + axons. To visualize GFP À neurites, we also stained the explants with antibodies directed against neuron-specific b-III tubulin (TujIII; Figures S7H 0 -S7M 0 ) (Matsuoka et al., 2011a; Thompson et al., 2006 Figure S7N ). However, we observed in the absence of Sema6A that axons extending from SPIG1::GFP; Sema6A Figure S7O ). Taken altogether, our results strongly suggest that Sema6A functions as a receptor in On DSGCs that signals attraction by PlexA2/A4, thereby guiding On DSGCs to their appropriate AOS target during visual system development.
Sema6A-PlexA2/A4 Signaling Mediates OKR Behavior On DSGC-MTN connectivity is critical for the normal vOKR response, whereas On DSGC-DTN/NOT connections drive the hOKR (Masseck and Hoffmann, 2009 ). We therefore asked whether the specific disruption of AOS retinorecipient targeting in Sema6A À/À and PlexA2 À/À ;PlexA4 À/À mutants affects the vOKR and/or hOKR. In Sema6A À/À mutants, in which RGC projections to the DTN are reduced and innervation to the MTN is greatly compromised (Figures 2 and S2 ), OKR analysis (Cahill and Nathans, 2008) shows that vOKR responses are completely absent (right panel in Figure 7A ; quantified in the middle and the right panels of Figure 7B ; eye tracking movements [ETMs] per 30-s test interval were 9.11 ± 1.16 for Sema6A +/À , and 1.06 ± 1.05 for Sema6A À/À , mean ± SD; p < 0.0001). In contrast,
Sema6A
À/À mutants display a modestly reduced number of hOKR responses (left panel in Figure 7A ; quantified in the left and the right panels of Figure 7B ; 11.502 ± 1.74 for Sema6A +/À , and 5.71 ± 2.23 for Sema6A À/À , mean ± SD; p < 0.001). Therefore, Sema6A À/À mutants exhibit a slightly reduced hOKR, but virtually no vOKR, in line with the modest defects in DTN targeting and the severe defects in MTN targeting displayed by Sema6A À/À On DSGC axons.
We also determined whether loss of Sema6A affects pupil constriction. Sema6A is not required for RGC projections to the OPN ( Figure S2 ), a nucleus that is important for the pupillary light reflex. Consistent with our anatomical analyses, Sema6A Figure 7D , quantified in Figure 7E ), and in almost all of these same mice we observe loss of projections to the DTN and the MTN . In our behavioral tests we observed one PlexA2
; PlexA4 À/À mouse that still retained a vOKR (mouse #8,191, mean vOKR = 4.6875 ETM/30 s; black arrow in Figure 7E ). Our subsequent anatomical analysis revealed that there were limited projections to the MTN in this animal (Figure S8H) , supporting a requirement for intact On DSGC-MTN circuitry for this specific AOS function. Taken together, these results show that PlexA2 and PlexA4 act in concert to direct retinorecipient connectivity in the AOS critical for both hOKR and vOKR responses.
DISCUSSION
There are over 20 types of RGCs that convey information to discrete brain targets. Little is known, however, about how different types of RGCs target specific brain regions. Here we identify a guidance cue signaling pathway that is critical for the establishment of neural connectivity between RGCs involved in the perception of self-motion and their central targets in the AOS. We found that the transmembrane protein Sema6A is an On DSGC marker and is required for On DSGC-MTN innervation in vivo. PlexA2 and PlexA4, expressed by cells in the MTN, serve as ligands and signal through receptor Sema6A to attract On DSGC axon connections with the MTN. The connectivity mediated by PlexA2/A4-Sema6A reverse signaling facilitates the vOKR, a critical AOS function (Figure 8 ).
The establishment of RGC-central brain target connectivity relies on a series of developmental events that includes initial retinorecipient targeting and further refinement of these connections (Haupt and Huber, 2008) . DSGC axons that target the MTN extend either via the inferior (upward-preferring) or the superior (downward-preferring) fasciculi of the accessory optic tract, and therefore these two DSGC types must respond to distinct environmental cues to ultimately establish connections with specific MTN regions. In Sema6A À/À mutants, SPIG1::GFP + On DSGC axons arrive in the vicinity of their target during mid-embryogenesis; however, they exhibit a much broader innervation pattern compared to controls. These results show that Sema6A is essential at a relatively late step for mediating On DSGC target recognition, after other guidance molecules have guided On DSGC axons along their trajectories to this select midbrain region during early embryogenesis. Loss of Sema6A results in observable declines in MTN-innervating RGC cell numbers several days after the onset of RGC-MTN innervation defects. Thus, On DSGC cell loss is likely a secondary consequence of the On DSGC-MTN innervation phenotype. It remains to be determined whether or not Sema6A-PlexinA2/A4 signaling provides a pro-survival signal to On DSGCs that innervate the MTN. We previously showed that Sema6A is a repellent cue that functions exclusively through the PlexA2 receptor to regulate SAC dendritic stratification and arborization (Sun et al., 2013) . However, here we find that global deletion of PlexA2, and also select loss of PlexA2 in the retina, does not affect DSGC-MTN innervation. This shows that PlexA2 expressed by SACs is not required for Sema6A-mediated On DSGC-MTN innervation, and it also suggests that distinct ligand-receptor combinations are utilized to achieve functional connectivity in distinct DS circuits. We observed that PlexA2 and another Sema6A binding partner, PlexA4, function together, most likely in redundant fashion, to direct AOS retinorecipient targeting, providing additional evidence that plexin receptors act in concert to regulate semaphorin-dependent visual system development (Matsuoka et al., 2011a) .
Transmembrane semaphorins, which were originally identified as ligands, can function as receptors and mediate ''reverse signaling.'' For example, the Drosophila transmembrane semaphorin 1a (Sema-1a) serves as a receptor during olfactory circuit assembly (Komiyama et al., 2007; Sweeney et al., 2011) , visual system development (Cafferty et al., 2006; Yu et al., 2010) , and motor axon pathfinding (Jeong et al., 2012) . In vertebrates, semaphorin 6D (Sema6D) functions as a receptor for PlexA1 and regulates myocardial patterning during cardiac development Figure S8H ) is indicated by a black arrow. Right panel, mean ± SD for each genotype; statistically significant p values are shown. (Toyofuku et al., 2004) . Sema6A is also expressed by LGN neurons and is required for the elaboration of thalamocortical connectivity (Leighton et al., 2001; Little et al., 2009) In this regard it is interesting to note that an accompanying paper (Osterhout et al., 2015 [this issue of Neuron] ) shows that the immunoglobulin (Ig) superfamily member contactin-4 (CNTN4) and the amyloid precursor protein (APP) together are required in On DSGCs for innervation of the NOT, but not innervation of the MTN. These proteins function to regulate the arborization of On DSGC axons within the NOT, and loss of CNTN4 or APP results in OKR defects. It will be interesting to determine the complete array of guidance cues required for functional AOS connectivity and the degree to which they independently or together regulate RGC axon target selection and arborization. Our observations showing that PlexA2/A4-Sema6A signaling controls critical aspects of AOS development and function provide insight into the molecular mechanisms governing AOS circuit assembly between the retina and midbrain nuclei. they provide a foundation for describing unique AOS RGC subtypes. Future work will determine whether similar molecular machinery facilitates retinorecipient targeting by other RGC classes, and whether non-visual system neuronal cell types in the CNS also employ similar targeting mechanisms.
EXPERIMENTAL PROCEDURES Animals
The day of vaginal plug observation was designated e0.5, and the day of birth in this study was designated P0. Semaphorin 6A À/À (Sema6A ), and Six3-Cre mouse lines were described previously (Sun et al., 2013) . The GFP knockin line SPIG1::GFP and GFP BAC transgenic lines (Hoxd10-GFP, TRHR-GFP, DRD4-GFP, CB2-GFP, and Cdh3-GFP) were described previously (Dhande et al., 2013; Huberman et al., 2008b Huberman et al., , 2009 Kay et al., 2011; Osterhout et al., 2011; Rivlin-Etzion et al., 2011; Yonehara et al., 2008 Yonehara et al., , 2009 
Whole-Mount Retina Staining
Whole-mount retina ICC was performed as previously described (Sun et al., 2013) .
CTB Injection
Bilateral CTB injection was performed as previously described (Riccomagno et al., 2014) . Briefly, the adult animals were anesthetized using isophorone and then injected with 2 ml CTB-Alexa-555 or CTB-Alexa-488 (Life Technologies, 1 mg/mL) bilaterally into the vitreous of each eye.
Stripe Assay
The axon guidance stripe assay was performed as previously described (Sun et al., 2013) .
OKR Measurement
The OKR apparatus and recording methodology are as previously described (Cahill and Nathans, 2008) .
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